The period changes of 86 M5 RR Lyrae stars have been investigated on a onehundred-year time base. The published observations have been supplemented by archival Asiago, Konkoly and Las Campanas photographic observations obtained between 1952 and 1993. About two thirds of the O − C diagrams could be fitted by a straight line or a parabola. 21 RR Lyrae stars have increasing, 18 decreasing and 16 constant period. The mean rates of period change of these variables are:
INTRODUCTION
More than ninety years ago Eddington (1918) had already realized that the period changes of a Cepheid-like pulsator would give information on the changes of the physics of the star's interior during its evolution. The potential of measuring the rate of stellar evolution seemed to be fulfilled when Martin (1938) discovered that the periods of the RRab stars in omega Centauri were predominantly increasing. The subsequent observations of RR Lyrae stars in other globular clusters, however, failed to demonstrate the direct connection between the detected period changes and horizontal-branch (HB) evolution. The observed large period decreases, the random and/or abrupt period changes could not be reconciled with steady evolutionary effects. It has been, however, argued that evolutionary period changes must be present in individual stars and must be observable, at least on long time-scales.Globular clusters with dozens, hundreds of RR Lyrae stars are ideal targets for such studies, the mean value of the period-change rates of a large sample of RR Lyrae stars of a globular cluster must show the trend of their evolution. Indeed, Lee (1991) proved that the mean period-change rates observed in globular clusters were consistent with synthetic HB models, if the HB-types of the clusters were also considered.
The generally adopted procedure for investigating the period changes of variable stars is the construction and interpretation of their O − C diagrams. This plots the difference between the observed times (O) of a particular phase, usually the maximum or the mid-point on the ascending branch of the light curve and the predicted time of the same phase (C), calculated according to an accepted ephemeris. However, using today's computational techniques, the O −C data are often calculated as the time shift between the entire observed light curve and the normal light curve, rather than from one specific phase. This method gives more stable results. If the O − C diagram is a linear or quadratic function of time, then the period is constant or continuously changing at a constant rate.
In order to explain the complex nature of some O − C diagrams, i.e. the irregular behaviour of the period variations that masks the evolutionary changes, several suggestions have been put forward in the past. The accumulation of random variations (some sort of noise) in the period may show different drifts in the O − C diagram as a typical realization of a random walk, even if the period noise has a Gaussian distribution (see e.g. Sterne 1934; Balázs-Detre & Detre 1965; Lombard & Koen 1993) . The appearance of this effect on the O − C diagram, however, strongly depends on the parameters of the probability density function of the period noise, and it does not reflect real period changes. Sweigart & Renzini (1979) suggested a mechanism for the occurrence of irregularities in the pulsation period. According to their theory, random mixing events through the semiconvective zone cause the composition profile of the star's core to be altered. This produces changes in its hydrostatic structure, resulting in abrupt and continuous period changes of both signs. Stothers (1980) attributed the irregular period changes to hydromagnetic effects taking place in the atmosphere of the pulsating star. Laskarides (1974) and Koopmann et al. (1994) modelled the effect of mass loss on the period changes of RR Lyrae stars, while Coutts (1971a) noticed that binarity might lead to long-term oscillation in the star's observed pulsation period.
Messier 5 (NGC 5904) is one of the globular clusters that are richest in RR Lyrae stars. The period changes of the cluster's RR Lyrae stars were already investigated by Coutts & Sawyer Hogg (1969) , Kukarkin & Kukarkina (1971) , Storm et al. (1991) and Reid (1996) using baselines ranging from seventy to one hundred years. In these previous studies, no photometric data were available for nearly two decades between 1970 and 1990 , and the most recent period-change study (Reid 1996) concerned only 30 variables. Therefore, with the addition of archival data, the reexamination of the period changes of a larger sample of variables is desirable. Now the observational baseline extends over a century, and the previously published observations, combined with the unpublished ones from the Las Campanas and Konkoly Observatories, render almost continuous coverage for the last fifty years of the 20th century. This provides the motivation for the present study of period changes of RR Lyrae stars in the globular cluster M5.
DATA AND METHOD OF INVESTIGATION

Previous photometric studies
The first investigation of the variable stars in M5 was carried out by Bailey (1917) . He made use of 111 plates obtained during the years 1895 to 1908 with the 13-inch Boyden, the 11-inch Draper and the 24-inch Bruce telescopes mostly at Arequipa, Peru with exposure times ranging from 20 to 100 min. This collection was supplemented with 12 photographs taken at the Mount Wilson 60-inch reflector with 10-14 min exposure times in 1912. Bailey published brightness estimates for about eighty RR Lyrae stars, and these observations provide a firm starting point for the study of period changes of the RR Lyrae stars in M5. Shapley (1927) studied the variables on the basis of a collection of 59 plates mostly with double exposures (in all 113 exposures) taken with the Mount Wilson 60-inch telescope on eight different nights in 1917. Shapley did not publish his measurements, and likely they have gone astray. Therefore, the plates were measured anew, and magnitudes of 62 RR Lyrae stars were published by Coutts & Sawyer Hogg (1969) and Coutts (1971b) .
A detailed analysis of the variables in M5 was made by Oosterhoff (1941) . He investigated the period changes of the cluster variables, and noted that the light curve of some stars showed RW Dra-type variation (now called Blazhko effect). The observations consisted of 74 and 7 plates taken with the 60-inch reflector of the Mount Wilson observatory in the years 1934 and 1935, respectively. The brightness of 92 RR Lyrae stars were measured or estimated on this material.
Comprehensive studies of the period changes of RR Lyraes in M5 have been carried out by Coutts & Sawyer Hogg (1969) and Kukarkin & Kukarkina (1971) , independently of each another.
Coutts & Sawyer Hogg published magnitudes of 66 RR Lyrae variables of M5 measured on 157 plates taken with the 74-inch telescope of the David Dunlap Observatory between 1936 and 1966.
Kukarkin & Kukarkina's material (181 plates) was collected with the 40-cm astrograph at Crimea in the years [1952] [1953] [1954] [1955] [1956] [1957] [1958] [1959] [1960] [1961] [1962] [1963] [1964] [1965] [1966] [1967] [1968] . Due to the severe crowding effect near the centre of the cluster and the close companions in some cases, the brightness of only 51 RR Lyrae variables could be estimated.
Since the mid-eighties of the last century, accurate CCD observations have been obtained for the RR Lyrae variables of M5. Cohen & Gordon (1987) observed six variables in B and I on six nights in 1986. Storm et al. (1991) published B and V magnitudes for eleven RR Lyrae stars obtained during four nights in 1987. Brocato et al. (1996) and Cohen & Matthews (1992) investigated the M5 variables in 1989. Cohen & Matthews made V, I photometry of eight stars on six nights, while Brocato et al. gave measurements in B, V colours for fifteen variables on four nights. Reid (1996) and Kaluzny et al. (2000) published comprehensive CCD photometry of the variable stars in M5. Reid obtained his V, I observations during ten nights in 1991 and 1992 and investigated 49 RR Lyrae stars. Kaluzny et al. observed 65 RR Lyrae stars of M5 in V colour. Their observations were made during 12 nights in 1997. We note here that the star identified by Kaluzny as V92 is in fact V17.
Observations published in this paper
In this paper we publish the photographic observations obtained with the University of The Asiago, Konkoly and Las Campanas photographic magnitudes of the M5 variables are given in Table 1 , avail-able in its full content as Supplementary Material in the electronic edition of this article.
The Las Campanas plates had 103aO emulsion and were exposed through a GG 385 filter, so the magnitudes are B magnitudes. A total of 508 plates was obtained, and they were all measured on a Cuffey iris photometer (Cuffey 1956 (Cuffey , 1961 . The plates from 1972 to 1980 were measured by summer students, and the data were used, but not published, in the study of the Fourier parameter ϕ31 by Clement et al. (1992) . The 1981 to 1991 plates were measured later by C. Clement. Since the plates were measured at different times by different people, there might be systematic magnitude shifts from year to year, particularly for stars that were subject to crowding. The 1981-1991 magnitudes should be on a consistent system. However, even then, for crowded stars, it was not always possible to be consistent because of differences in the seeing conditions. Altogether 73 RR Lyrae stars were measured.
The photographic observations at Budapest with the 60-cm telescope were exposed on Guilleminot Superfulgur or Agfa Astro Spezial plates. Since the sensitivity of the emulsions is similar, the measurements or estimates should be on a consistent system. On 292 plates the brightness of 39 RR Lyrae stars was measured. The magnitudes of a further 35 variables that were close to the crowded central region or had close companion(s) were estimated by M. Lovas.
The observations with the 1-m telescope have been made on 103aO plates. In the years 1976, 1988 and 1992-93 altogether 94 103aO plates were exposed without filters. In the other years 104 photographs were obtained on 103aO plates through a 2mm GG13 filter. In all, 93 variables were measured on these plates. We found no serious systematic difference between the filtered and unfiltered blue magnitudes that exceeded the measurement errors.
The measuring procedure of the photographic plates obtained with the 60-cm and 1-m telescopes was the following. The plates were digitized on a Umax PowerLook 3000 flatbed-transparency scanner with 3.13 and 1.29 pixel-perarcsec resolution on the 1-m and 60-cm photographs, respectively. Digital aperture photometry was applied to the images using standard IRAF 1 packages. In this way, the photographic densities of the variables and comparison stars in M5 have been determined.
The brightness of variables on the Asiago plates that were obtained in bad seeing conditions have been estimated by M. Lovas. These plates had IIaO emulsion and were exposed without filter. In all 67 variables were estimated on 35 plates.
In the course of measuring and estimating the brightness of the variables, the comparison stars were chosen from Arp's photometry (Arp 1955 (Arp , 1962 . His photographic (mpg) comparison sequence was applied to the Budapest and Asiago plates. The Las Campanas and Piszkéstető observations are on the B magnitude scale. No systematic difference exceeding the 0.02-mag observational error has been found be- tween the filtered and unfiltered Piszkéstető blue observations. These observations supplemented with the published ones provide an almost continuous coverage for the second half of the last century.
The method
We consider only those RR Lyrae stars of M5 that have a long enough historical record to follow their period changes i.e. variables with numbering below 100. V53, V86, V93 and V94 are omitted because their photometry is seriously affected by the contamination of close companions. In all, we investigate the period changes of 65 RRab and 21 RRc stars of M5.
We used the original photometric data (reviewed in Sections 2.1 and 2.2) to derive the O − Cs. Table 2 summarizes the available photometry for each RR Lyrae star of M5, the sources are denoted by '+'.
The procedure applied to the determination of the O − C diagrams and to explore the period changes is basically the same as used by Jurcsik et al. (2001) in the study of ω Centauri's variables.
As the first step, the zero-points of the magnitudes of the different observations of each RR Lyrae star were homogenized. The mean light curves used for the magnitude transformations were the Las Campanas data from 1981-1991 and for the 14 stars (V5, V36, V54, V65, V67, V85,  V87, V90, V91, V95, V96 , V97, V98, V99) that were not or only partly measured on the Las Campanas plates, they were constructed from the 1976-1993 Piszkéstető data. The light curves of the RRab and RRc stars have been decomposed by fifth and third order Fourier series, respectively, to fix the mean light curves. For the sake of uniformity, we used these relatively low-order fits for the RRab stars, because higherorder solutions gave wavy curves for some of the stars. We checked, however, to ensure that the zero-points and phase shifts would remain unchanged if higher order fits had been used for the variables with good-quality light curves.
Both vertical and horizontal shifts were determined for all the different photometric data sets of the variables in order to match their normal curves best. The first part of the Las Campanas observations, from 1972 to 1980 were treated Star  B17  S27  O41  C69  B24  K71  A48  L24  P40  C87  S91  C92  R96  K00   V1  +  +  +  +  +  +  +  +  +  ---+  +  V2  +  +  +  +  +  +  +  +  +  ----+  V3  +  +  +  +  +  +  +  +  +  ---+  +  V4  +  -+  -+  -+  +  +  ---+  +  V5  +  -+  -+  -+  -+  ---+  +  V6  +  +  +  +  +  -+  +  +  ---+  + Reid (1996) ; K00: Kaluzny et al. (2000) as a separate data set because of the zero-point inconsistencies mentioned in Sect. 2.2. Then, the derived vertical (zeropoint) shifts have been applied to each data set of each star. In this way, consistent data sets have been obtained for the variables. The most outlying magnitudes were omitted from some of the data sets.
For homogeneity purposes the B band CCD observations were used if they existed. The CCD observations of Cohen & Matthews (1992) , Reid (1996) and Kaluzny et al. (2000) were in V (and I) bands. It is well-known that the times of maximum systematically deviate in blue and yellow light, but Jurcsik et al. (2001) have shown if the phase shifts of the whole light curve are considered (as in our case), no significant difference according to the colours occurs. Therefore, CCD V data were used and treated in the same manner as photographic and CCD B observations. A similar argument holds for the inhomogeneous photographic and CCD B data. Although the amplitudes of the light curves and the phases of the maximum times might be somewhat different in the different observations, this had a negligible effect on the derived phase-shift values that were used for the O − C analysis.
As the second step, the O − C values were determined. They have been calculated as the horizontal shifts of different parts of the combined, magnitude zero-point homogenized data sets to the normal curves. In order to eliminate smearing of the light curves caused by period changes, the O − Cs should be constructed only from 3-5 years of the observations. The normal curves that define the zero value of the O−C data have been constructed using 100-180 data points. Each was checked visually for complete phase coverage. The 1981-1985 Las Campanas observations were used to construct the normal curve for most of the variables. For stars with rapid period variations (V14, V18, V24, V25, V52, V66, V70, V81 and V92) an even shorter time interval (1981) (1982) (1983) has been employed, while data from 1982-1983 defined the normal curve of V76. For the 14 stars not or only partly (V87) measured on the Las Campanas plates, the normal curves were constructed from the 1976-1980 Piszkéstető data.
O − C values were calculated, as a rule, for ten groups (subsets) of the whole, zero-point corrected data sets of each RR Lyrae star. In the case of stars for which measurements were not available for all the extended data sources a smaller number of groups were composed. Also, if the phase shift could only be poorly determined, or the scatter of the light curve was too large, groups were merged, in order to stabilize the solution. Conversely, if the period changed too fast and/or irregularly, more than ten groups were formed and analysed. The O−C values deduced from the observations of Brocato et al. (1996) outlie significantly in the O − C plots; therefore, they were disregarded in the phase diagrams.
As starting periods, we accepted the values given in the literature (in some cases frequency analysis was needed) and a data used to define the normal light curve; LC and PI refer to the Las Campanas and Piszkéstető observations, respectively. b residual scatter of the time-transformed data with the exclusion of CCD V data.
constructed preliminary O − C diagrams. Then, the average period values (Pa) over the century were determined and used in order to obtain a symmetrical form of the diagrams. If it was necessary, several trials were done to find the best period, which gave the most reasonable O −C plot. This was especially the case, if significant abrupt and irregular period variations occurred. If the O − C is fitted by a polynomial
then it can be readily seen that the period variation can be eliminated, if the times of the observations are transformed according to the equation
The time-transformed data can be coherently phased with the period, Pa.
For some of the variables with strong period variations, the zero-point corrections of the different data sets had slightly incorrect values because of the smearing of the folded light curves. In such cases, we used the timetransformed light curves to derive refined values for the corrected magnitudes.
In summary, the following steps were applied:
• m0, t0 → m1, t0: magnitude shift of the different observations,
• m1, t0 → m1, t1: time transformation of the data using equation 2, Table 2 b zero-point transformed, homogenized magnitudes c transformed HJD that eliminates phase/period variations
• m1, t1 → m2, t0: refining the magnitude transformation on the time-transformed data,
• m2, t0 → m2, t2: time transformation of the refined magnitude data sets, where m0, t0, m1, t1 and m2, t2 refer to the magnitudes and times of the original observations; the zero-point corrected, time-transformed data; and the refined, zero-point corrected, time-transformed data.
All the obervations used in the analysis and the magnitude-zero-point and time-transformed data are given in electronic form as Supporting Information (Table S4 ) and can be downloaded from the url: http://www.konkoly.hu/24/publications/M5. Table 4 gives a sample of the data. In the middle panels, the deviations from the average values of the periods (P − Pa) × 10 5 are plotted from direct period determination for the data subsets. 2σ formal errors of the direct period determinations are also shown. If the period could be determined only with large uncertainty, data subsets were drawn together.
The O − C can be given as the function of time as
Consequently, the temporal period, P (t), can be approximated using the ci coefficients of Eq. 1.:
For comparison, and to confirm the O−C solution, P (t) calculated from the derivatives of the polynomial O − C fits are also drawn in the middle panels of Fig 1. The right-hand panels show the folded light curves of the time-transformed data (Eq. 2.) calculated from the O−C polynomial fits over the hundred years of observations.
Two O − C solutions are shown for some of the stars (V8, V19, V27, V38, V62, V65, V78 and V88). The first fits the O − C data with linear or parabolic approximation, while the second shows a higher order or multiple fit. These examples illustrate the strengths of the higher order polynomial or irregular period variations. We also note here that, in some cases (V11, V17, V56 RRab and V40, V80 RRc stars), a sine-like approximation would also be appropriate, but for the sake of conformity and uniformity, as mentioned, a polynomial fit was always applied.
Although a visual inspection of the folded light curve was already convincing of the validity of both the O − C values and their polynomial fits in most cases, we also checked this quantitatively. The residuals of the Fourier fits of the folded light curves (omitting CCD V data) of the timetransformed data have been determined and compared to the mean rms of the observations. For variables with period variation that was not too complex, the rms of the timetransformed data were 0.10-0.15 mag for well resolved stars, which is in the same range as the typical errors of the photographic observations. The rms of the photographic observations of these stars ranged from 0.05 to 0.20-mag (usually the smallest residuals were obtained from iris photometry) with an average value of about 0.10-0.15 mag.
The numerical results for the O − C and period data of the studied 86 variables are available electronically. Table 3 shows an example for V1. The first line of the table identifies the variable, gives the period that was used to calculate the O − C, the data sets used for constructing the normal curve and the rms of the time-transformed light curve. In calculating this rms, only photographic and B band observations were used. The first part of Table 3 lists the O − C data. The time intervals, their mean Julian Date, the number of data points, the O − C value and its 1σ error are given. The second part of Table 3 gives similar data for direct period determinations. The last column of this part of the table lists the actual period-deviation values, P − Pa.
We emphasize here that the Pa periods are not the currently best periods of the variables; these periods are the best mean periods over the last century. The periods determined for the latest part of the observations match the recent data.
Amplitude and phase modulations of Blazhko stars might introduce some uncertainty into the derived zeropoint shifts and O − C values in the case of variables showing strong light-curve modulations. However, most of the Blazhko stars identified in Jurcsik et al. (2010) show strongly irregular period variations, which cannot be used to derive any period-change rate. Therefore, these uncertainties have no effect on any of the conclusions of this paper. The period-change rates of the two Blazhko stars with strong phase modulations (V58 and V63), that have dominantly continuous period changes are well defined as can be seen in Fig. 1 . We have to admit, however, that the origin of the scatter of the O −C and period variations of these stars may either originate from the bias of their phase modulation or may reflect real small fluctuations in the periods.
RESULTS AND DISCUSSION
Period-change results
In the previous section the O−C diagrams of 21 RRc and 65 RRab stars of the cluster are presented. The main characteristic parameters of the light curves and period changes of these stars are collected in Table 5 . In the first three columns the catalogue numbers of the variable in question, its type and the period used to construct the O − C diagram are given.
The next four columns contain some data of the light curves that might have a connection with the stars' evolutionary stage and can be compared with the variables' period-change rates: Vi and Vm are the intensity-and magnitude-averaged mean V magnitudes, respectively, derived from the combined R96 and K00 CCD V observations for most of the stars. The S91 CCD V photometry was used for the star V7 and the Brocato et al. (1996) CCD V data for the variables V95 and V98. For Blazhko-stars, light curves of the best-represented phase of the modulation were used to derive the mean V magnitudes. Bm denotes the magnitudeaveraged mean B magnitude of the variables determined from the CCD B data or, if they are not available then Bm has been derived from the Las Campanas or the Piszkéstető photographic observations. No mean B magnitude is given for V6, V13, V17, V25, V26, V37, V54, V74, V85, V90, V91 and V92. There are no CCD B observations of these stars, and their photographic photometry is seriously affected by bright close companions and crowding. The mean photographic magnitudes of these stars are about 0.5-1.5 mag brighter than expected. The mean-magnitude values were calculated as A0, the first member of the Fourier-fit of the light curve of the variables.
The mean V magnitudes of the variables differed by 0.01-0.03 mag in the R96 and K00 data for the variables observed in both surveys. It is thus estimated that the mean V magnitudes have similar uncertainties. The error of the mean B magnitudes cannot be correctly quantified. Although we have omitted variables with strong light contamination due to crawding, the photographic B magnitudes of some of the variables might still be somewhat biased by their surroundings. The inhomogeneity of the B data (photographic and CCD) introduce further errors. Notwithstanding these problems, the accuracy of the given B magnitudes is estimated to be better than 0.05-mag for most of the stars.
The pulsation amplitude in the V band, AV , has been derived from the CCD V observations that were used to calculate the mean V magnitude. If no V observations were available, the AV amplitude has been estimated as AV ≈ AB/1.3 (Jurcsik et al. 2005) , where AB is the blue Table 5 . Summary of the light-curve parameters and period-change properties of M5 RR Lyrae stars. amplitude of the light curve derived from the CCD B or photographic B observations. For Blazhko stars, the smallest and largest observed amplitudes, taken from Jurcsik et al. (2010, Paper II) , are given. As the inhomogeneity of the listed mean magnitudes and amplitudes gives rise to enhanced uncertainties, these values have to be taken with caution and are given only for guidance. As no accurate multicolour photometry of the full sample of M5 variables exists, this combined photometric information is, however, also utilized on a statistical ground.
The 'Remarks' supply information on the complexity and quality of the O − C diagram, i.e. on the derived period changes and their reliability for each variable, and on the presence of light-curve variation for RRab stars. The first column of the 'Remarks' gives the order of the polynomial fit to the O − C data. The index '0' means straight-line fit, '1' means quadratic, while '2' means cubic approximation. In this column, a 'hyphen' indicates that an even higher-order polynomial is fitted (e.g. in case of sine-like O−C variations) or a combined polynomial approximation is applied to satisfactorily describe irregular period variations with sudden changes. In these latter cases, when the O − C cannot be fitted with a single polynomial, cycle-count uncertainties of the O − C solution cannot be excluded. As these O − Cs are always classified as irregular, i.e. no period-change rate is derived from these data, these ambiguities have no effect on any of our conclusions.
There are five stars (V85, V95, V96, V97 and V98) denoted by colons in this column that refer to their scarcely defined O − C diagrams. These stars are included only for completeness, but the O − C solutions shown in Fig. 1 are ill-defined, other solutions are similarly possible. These stars are disregarded in the following.
The second column of the 'Remarks' gives information about the complexity of the O − C diagram, i.e. about the irregularity of the period changes. The irregularity indices '1' and '2' refer to moderate and strong irregularity of the O−C diagram while '0' means that the variation in the pulsation period is smooth and regular, i.e. it is either constant or linearly changing. Sometimes the distinction between the classes '0' or '1' and '1' or '2' may seem arbitrary. This, however, does not affect the subsequent discussion.
The third column of the 'Remarks' refers to the presence of light-curve variation for fundamental-mode RRab stars (see details in Paper II). 'Bl' denotes that the star definitely exhibits Blazhko effect, while 'Bl:' indicates that light-curve modulation is probable. RRab stars whose photometry is seriously affected by crowding or close, bright, neighbouring star(s) are labelled by 'd'. The deficiency of the photometry of these stars makes any statement on their light-curve variation impossible.
The last four columns of Table 5 give information on the observed period changes of the cluster's RR Lyrae stars: β = dP/dt in 10 −10 and dMyr −1 and α = P −1 dP/dt in 10 −10 d −1 units, while Pmax − Pmin is the full range (the maximum fluctuation) of the observed period variation.
We have to admit that in some cases it is difficult to decide whether the period is constant with some random noise or it has a very slow monotonic change. If the absolute value of the coefficient of the quadratic term in the parabolic approximation was smaller than its 2σ error then the O − C diagram was fitted by a straight line, and β = 0 was accepted. Of course, for these stars the formally calculated full range of the period variation may differ slightly from zero due to small scatter originating from real period noise or observational error.
Evolutionary considerations
The final goal of this study is to determine if the observed period changes of the M5 RR Lyrae stars could be attributed, at least in the mean, to stellar evolution. From evolutionary consideration it is well-known that the period increases as a star evolves redward, and decreases as it moves blueward in the HR diagram. Theory predicts evolution in both directions and with different period-change rates depending on the HB-evolutionary stage of the RR Lyrae stars. It has also been known for some time that RR Lyrae period changes may be characterized by strong irregularities. As Table 5 shows, more than one third of the O − C diagrams of M5 RR Lyrae stars cannot be interpreted solely by constant or linearly changing periods. In spite of the fact that evolutionary changes are masked by irregularities in a number of cases, it is hoped that the period-change rates of RR Lyrae stars with steady period variation give some information on their evolution.
The mean and the most-probable values of the periodchange rates for the RRc, RRab and the total sample of RR Lyrae stars that have straight-line or parabolic O − C diagrams are summarized in the first part of Table 6 . Although the averages of the α and β values suggest a slight, overall period decrease, it is not the least significant. The mostprobable values of the period changes of the statistically larger samples (RRab and all the variables) are practically zero.
The generally accepted HB-evolutionary models do not indicate that high, negative period-change rates are likely, and large, positive values are supposed to occur only in the very late stages of HB evolution at luminosities brighter than on the zero-age horizontal branch (ZAHB). The periodchange rate α versus period for the M5 variables is shown in Fig. 2 , and the largest value of the normalised period variation versus period is plotted in Fig. 3 . From these figures it can be immediately seen that in M5 (like in other globular clusters) there are variables with extreme α values. These extreme period changes occur among RRab rather than among RRc stars according to the study of Rathbun & Smith (1997) .
In our sample, there are three RRab stars with extreme period-change rates, two stars (V5 and V81) with large neg- ative and one (V70) with large positive values. V70 lies far from the cluster centre, so it was not included in any of the CCD studies. Therefore, only its photographic B magnitude is available. The mean Bpg brightness of V70 is one of the faintest among the whole sample, indicating that V70 cannot be in a highly evolved evolutionary phase. We thus suppose that the period changes of these three stars are not induced by evolutionary effects. Since their extreme values strongly influence the mean period-change rates, the averages and the most-probable values of the period changes are also derived excluding them (see the second part of Table 6 ). The most-probable α and β values for RRab and for all the 52 stars correspond to small positive rates, while the mean values have very small positive and negative β and α values, respectively. We thus conclude that, on the average, the periodchange rate of RR Lyrae stars in M5 are very close to zero. We also note that the median rates of the period changes for all the different samples is zero. This conclusion confirms the result of the previous studies (Coutts & Sawyer Hogg 1969; Reid 1996) on an extended baseline and larger sample, and is in good agreement with the prediction of Lee's (1991) calculation on the stellar evolution -period change connection: the mean (median) rate of period change should be close to zero (0.005-0.010 dMyr −1 ) for clusters with HB-type like M5.
An other aspect of the problem of period changes is the distribution of the direction of the changes, whether the proportion of the decreasing and increasing periods reflects the evolutionary state of the RR Lyrae stars of a globular cluster. The models of post-ZAHB evolution Dorman 1992 ) predict that after an initial 'hook' to the red caused by shell readjustment, RR Lyrae stars evolve blue- ward (with decreasing periods) across the instability strip, and that when they have depleted the helium in their cores, they increase in luminosity and evolve redward (with increasing periods). The histograms of the distribution of the period-change rates β and α are shown in Fig. 4 . This figure suggests a slight excess of RRab stars with small increasing period. Our sample has 19 ab stars with increasing period, contrasting with 14 ab variables with decreasing period, while 11 ab stars have constant period. Among the RRc stars 2 have increasing, 4 decreasing and 5 constant period. Hence, the full sample contains 21 variables with increasing, 18 with decreasing and 16 with constant period. The small number of the c-type stars obviously precludes the possibility of their distinct statistical treatment. A simple test can prove that the observed small excess of RRab stars with increasing period is only weakly significant. If we distribute equally the stars with β = 0, we end up with 24 or 25 positive and 20 or 19 negative. Supposing that the likelihood of the positive and negative period change is equal, the expected value of the binomial distribution is 22 with a variance of 3.32. For the whole sample, the expected value is 27.5 with a variance of 3.71, so the distribution of the β value signs does not provide clear statistical evidence for an excess of period increases among all the M5 RR Lyrae stars. This might be a consequence of the fact that the mean period-change rate of the variables is in agreement with the ≈zero mean period-change rates of the variables.
In M3, another OoI-type cluster, Corwin & Carney (2001) found 21 RRab stars with increasing and 14 with decreasing period, i.e. a small excess of increasing periods. This might be explained by that a larger fraction of the RRab stars of M3 shows OoII characteristics (Jurcsik et al. 2003) than that of the M5 RRab variables. At the same time, the RR Lyrae stars of the well-observed OoII-type clusters like M15 (Silbermann & Smith 1995) and ω Cen (Jurcsik et al. 2001 ) show a definite surplus of increasing periods. This implies that the majority of the variables in these clusters are evolving across the instability strip from blue to red. All these results strengthen that the Oosterhoff properties of globular-cluster variables are strongly connected to their horizontal-branch evolutionary state (Clement & Shelton 1999) . Nevertheless, it should be noted that Smith & Sandage (1981) called attention to the fact that no cluster exhibits a large plurality of decreasing period.
On the whole, the HB evolution is a plausible explanation for increasing periods. Stars within the instability strip evolve rapidly from blue to red, toward the end of core helium burning, producing a large positive rate of period change. In this respect, it is worth mentioning the difference between the period-change behaviour of the RRab stars of the clusters M3 and M5. Although both clusters belong to Oosterhoff-type I and resemble each other in many aspects, M5 has fewer strongly increasing periods than M3. In M5, only five out of the 44 RRab (11 per cent) have very large period-increase rate (β > 0.20 dMyr −1 ), while in M3, 29 per cent of the RRab stars have. In other OoI-type clusters, M14 (Wehlau & Froelich 1994) , M28 (Wehlau et al. 1986) and NGC 7006 (Wehlau et al. 1999 ) the frequency of RRab stars with strongly increasing periods are 16, 8 and 10 per cent, respectively. This simple statistic shows that the M5 RRab stars behave like other OoI-type clusters, and only M3 behaves somewhat differently.
One of the most intriguing issues connected with the period changes of RR Lyrae stars is the large negative values of β, observed in different clusters. Among the 44 RRab stars of M5 that have parabolic or straight-line O − C diagrams, nine (20 per cent) show decreasing periods with as high rate as β < −0.1 dMyr −1 , that certainly cannot be explained by canonical HB evolution. It is worth mentioning that the mean period of the sample of 44 RRab stars is 0.5622 d, whereas the mean period of the nine ab stars with fast decreasing period is significantly less, 0.5127 d.
A comparison with other well-studied globular clusters proves that the occurrence of RRab stars with very fast period decreases is a general feature, characteristic of both Oosterhoff-types. For example, 11 out of the 35 RRab stars (31 per cent) in M3 (Corwin & Carney 2001) and 9 out of the 42 ab variables (21 per cent) in NGC 6934 (Stagg & Wehlau 1980 ) exhibit large period decreases (β < −0.10 dMyr −1 ). The OoII-type clusters also have (perhaps relatively less in numbers) RRab stars with strong period decreases. In ω Cen, 29 RRab stars of the chemically homogeneous group have linear period changes, and among them, four (14 per cent) have strong period decreases (table 7 in Jurcsik et al. 2001) . In M15, there are two out of 13 RRab stars (15 per cent) that show strong period decreases (Silbermann & Smith 1995) . The trend that the mean period of the ab stars with fast period decreases is shorter than the mean period of the whole sample also holds for the clusters mentioned.
To resolve the contradition between canonical HB evolutionary model predictions and the observed frequency of strong period decreases, it is generally supposed that most of the period changes are due to some kind of 'noise' rather than to evolutionary effects. Sweigart & Renzini (1979) have found that the mixing events at the convective core edge, the transfer of helium into the convective core and the subsequent chemical readjustment of the semi-convective zone around the core, is an intrinsically noisy process that can lead to large period-decrease rates.
Recently, Silva Aguirre et al. (2008) have given an alternative explanation for the frequent occurrence of strong period decreases among the cluster variables. They constructed pre-ZAHB evolutionary tracks for a chemical composition appropriate to the globular cluster M3, and investigated the period-change behaviour of variables in the final approach to the ZAHB location. They have found that, before settling on the ZAHB, the variables are subject to a strong period decrease with the most likely β values around −0.3 dMyr −1 , but more extreme values (−0.8 dMyr −1 ) may also take place. The model simulations have also shown that some percent of the RR Lyrae population are in the pre-ZAHB evolutionary state, and the pre-ZAHB pulsators are expected to have longer periods than the bona fide HB pulsators. As M5 resembles M3 in different aspects, therefore the model calculations of Silva Aguirre et al. (2008) can be compared with our results. The high percentage of variables with decreasing periods and the relatively shorter mean periods of these stars in M5 show that, likely, the pre-ZAHB evolution cannot fully explain the observations. Nevertheless, further model calculations of the pre-ZAHB evolutionary phase may lead to more satisfactory results.
It is perplexing, however, why the observed periodincrease rates are in very good agreement with evolutionary predictions, if the period-decrease rates are not. If this is indeed the case, some significant difference between RR Lyrae stars with increasing and decreasing period rates should be found, but observationally, there is no evidence of any difference between these stars.
It is an interesting question whether the evolutionary effects are apparent in the different diagrams of cluster variables, e.g. period-amplitude, period-brightness, etc. diagrams. Fig. 5 and Fig. 6 show the relationships between the intensity-averaged mean V brightness V and period, as well as between the V amplitude (AV ) and the period. The period-change rate and its direction is shown by horizontal lines in both panels. In the left-hand panel we can also recognize that the period changes of short-period, large-amplitude RRab stars are often irregular. Large negative period changes occur in short-period RRab stars at fainter mean magnitudes while large period increases are observed at the whole period range of RRab stars, but the amplitudes of these variables tend to be larger than that of the majority of the stars, indicating their evolved HB stage.
displays that the variables with longer periods have higher luminosity and constant or increasing period (the only exception is V9 with a very slow β = −0.011 dMyr −1 decrease). The long-period sequence in the AV versus period diagram shows the same trend. In accordance with evolutionary theories these stars are at an advanced evolutionary stage moving off from the HB (Clement & Shelton 1999) .
One of the most important issues that should be addressed, is the irregular period changes of RR Lyrae stars in globular clusters. Scrutinizing the O − C diagrams of 81 RR Lyrae stars in M5, it turned out that 31 out of them (38 per cent) cannot be satisfactorily fitted by straight line or parabola. According to the number of inflection points and the order of the polynomial fit, these diagrams were classified as moderately or strongly irregular (see index '1' and '2' in the middle column of the 'Remarks' in Table 5 ). If we separately investigate the irregular period behaviour of the fundamental-mode and first-overtone pulsators, we find that more than the half of the c-type stars (10/18) have complex O − C diagrams, while one third of the RRab stars (21/63) have irregular period changes. The fact that irregular period behaviour is more frequent among RRc stars than RRab stars has already been noted by Jurcsik et al. (2001) in a similar study of the period-change behaviour of the ω Cen variables. A comparison with other clusters' RRab and RRc stars prove that this period behaviour tends to be a general feature. In M14 (Wehlau & Froelich 1994) and in NGC 7006 (Wehlau et al. 1999 ) the frequency of irregular period changes of ab-stars are 20 and 14 percentages, while those of the c-type stars are 80 and 43 percentages, respectively.
The most generally accepted explanation for the irregular period changes was put forward by Sweigart & Renzini (1979) . The mixing process within the semi-convective zone and the overshooting at the convective-core edge were found to be responsible for the non-evolutionary changes. These physical processes, however, cannot account for the different period-change behaviour of the RRab and RRc stars. Another problem is that the observed irregular period changes are as large as 2-5 ·10 −4 ∆P P −1 in some cases (e.g. in V4, V14, V18, V52 and V72) occurring on time-scales of some tens of years only. Although many parameters influence the time-scales and the resultant period-change values caused by mixing events, as an average value, 370 yr was derived for the time interval required to produce a period change of 3 · 10 −5 (∆P P −1 ) (see fig. 9 in Sweigart & Renzini 1979 ). The two orders of magnitude discrepancy between observations and model predictions may give rise to some doubt that the rapid, irregular period variations of RR Lyrae stars can indeed be generated by the proposed mixing events in the interior. To settle this issue, more detailed numerical modelling of the effect of the mixing events on the pulsation period is highly needed.
Here we outline another approach to the interpretation of irregular period changes of RR Lyrae stars. Fig. 7 shows that there is a striking connection between the irregular period changes and the Blazhko effect of M5 RR Lyrae stars. We omit the RRc stars from the following discussion, the detection of Blazhko effect in these stars is difficult as the modulation amplitude is usually in the range of the photometric accuracy. The figure demonstrates that all RRab stars exhibiting very complex O − C diagram, i.e. irregular period changes, have been found to show the Blazhko effect, if the sample of variables with good enough photometry to detect light-curve variability is considered. It seems that the inverse statement is also true with only a few exceptions. Two Blazhko stars, V1 and V30 have constant period, and two, V5 and V58 have decreasing period with very high rates, −0.479 dMyr −1 and −0.219 dMyr −1 , respectively. If, however, the O−C diagrams of field Blazhko RR Lyrae stars are considered, it can be immediately realized that the irregular (from time to time abrupt) period changes are followed by a long interval of linearly changing period, a period readjustment (see e.g. the O−C diagrams of XZ Cyg, RR Gem, SZ Hya in fig. 4 of Le Borgne et al. 2007 ). On the basis of all this, the period changes of Blazhko RR Lyrae stars cannot be identified with evolutionary effects, and should be left out of evolutionary considerations.
If variables showing Blazhko effect are omitted then the period-change rates of RRab stars with constant or linearly changing period (38 stars) have small positive mean and most-probable values. If RRc stars are added to this sample (49 stars) the mean and the most-probable values of the period-change rates hardly change. The last section of Table 6 summarizes the mean period-change rates and the most-probable values if the Blazhko RRab stars are left out of consideration. Curiously enough, these values are in excellent agreement with HB-model predictions of Lee (1991) .
The distribution of the period-change rates of the RRab stars also changes when the Blazhko stars are omitted. Now, among the 38 RRab stars 11, 9 and 18 have decreasing, constant and increasing period-change rates, respectively. In this case, a binomial distribution with equal likelihood of both period-change directions has a variance of 3.1, while the difference between period changes is 7, more than twice as large. So, in this sample, the period of RRab stars is dominantly increasing.
SUMMARY
The period changes of eighty-six M5 RR Lyrae stars have been investigated. The published data have been supplemented by archival, previously unpublished observations covering the second half of the last century. The observations of M5 variables now provide an almost continuous time coverage for about a hundred-year time base, making the accurate study of the period changes possible.
Reliable O − C diagrams (phase diagrams) were constructed for 81 RR Lyrae, 62 RRab and 19 RRc stars. The O − C plots of 44 RRab and 11 RRc stars could be well approximated by a straight line or parabola, indicating constancy or linear change of the pulsation period of these stars on the hundred-year time base of the observations. 21 RR Lyrae have increasing, 18 decreasing and 16 constant period. The excess of increasing period among RRab stars is slightly more pronounced, however, statistically that is still weakly significant. Omitting Blazhko variables the situation changes, there are 18 stars with increasing, 9 with constant and only 11 with decreasing period in this sample.
The average, median and most-probable values of the period-change rates of M5 variables equals zero, or have very small, either positive or negative values for different subsamples. Omitting the Blazhko stars, however, the periodchange rates indicate a small period increase on the average. Its most-probable value for 49 stars is 0.009 dMyr −1 , in very good accordance with predictions of synthetic HB-model results (Lee 1991) .
Large period-change rates (both negative and positive) characterize some of the shorter-period RRab stars, while variables with period longer than 0.6 d always have constant or increasing period. The observed rates of period increase are, in general, in good agreement with standard HB evolutionary model predictions, but most of the period-decrease rates are significantly larger than that canonical models would allow. The recent supposition of Silva Aguirre et al. (2008) that connects these changes to pre-ZAHB evolution is a promising attempt, but fails to explain the statistics and the period distribution of these stars.
More than one third of the O − C diagrams of M5 RR Lyrae stars cannot be fitted solely by straight line or parabola, i.e. the period changes of these stars are moderately or strongly irregular. The pulsation periods of some of these stars vary by some 10 −4 d within relatively short time intervals (10-30 yr). The irregular behaviour of the periods is more frequent among RRc stars, and it is rather characteristic of the shorter-period RRab stars. An important relation between the irregular period change and the Blazhko effect has been revealed: in M5, stars with strongly irregular period changes always have Blazhko modulation.
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